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Summary

It was the success of software-based image registration that
eventually led to the introduction of hardware-based con-
cepts for image fusion, such as combined PET/CT tomo-
graphs. A prototype PET/CT was first presented in 1998,
with various commercial designs to follow since 2000. PET/
(Tis used primarily as a diagnostic modality in the field of
extra-cerebral oncology imaging. The major advantage of
combined imaging over retrospective software registration
is the nearly identical position of the patient during both
complementary examination, and therefore tomograms of
identical parts of the body can be provided in spatially-cor-
responding slices.

Despite the availability of hardware combinations of com-
plementary imaging modalities software-based image reg-
istration, however, still inherits a major role in subsequent
data processing, in particular when individual imaging mo-
dalities other than combined PET/CT are being used during
patient workup. Furthermore, software is likely fo become
an important tool for the correction of residual motion-in-
duced mis-registration within combined PET/CT data sefs,
and for follow-up studies involving, for example, CT, PET,
and PET/CT. Therefore, flexible algorithms that utilize non-
linear interpolation schemes implemented on fast com-
puter systems are needed, and will continue to contribute to
successful image registration and fusion in clinical practice.
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Zusammenfassung

Es war der Erfolg der Software-gestitzten Bildregistrierung,
der schlieBlich zur Einfihrung Hardware-gestiitzter Kon-
zepte zur Bildfusion, wie z. B. des PET/CT, gefihrt hat. Ein
Prototyp PET/CT wurde erstmalig 1998 vorgestellt, wonach
seit 2000 weitere verschiedene kommerzielle Varianten
entstanden. PET/CT wird primr zur Diagnostik auf dem Ge-
biet der extrazerebralen onkologischen Bildgebung einge-
setzt. Der wichtigste Vorteil der kombinierten Bildgebung
gegeniber retrospektiver Software-basierter Registrierung
liegt in der nahezu identischen Position des Patienten wh-
rend beider, sich ergéinzenden Untersuchungen. Dadurch
sind Daten identischer Teile des Korpers in raumlich sich
entsprechenden Schnittbilder verfiigbar.

Trotz der Verfiigbarkeit Hardware-gestiitzter Kombinatio-
nen komplementdrer Bild gebender Verfahren belegt die
Software-gestiitzte Bildregistrierung weiterhin eine wichti-
ge Rolle in der sich anschlieBenden Datenanalyse, ins-
besondere dann, wenn andere einzelnen Bild gebende Ver-
fahren wihrend anderer Untersuchungen des Patienten
eingesetzt wurden. Ferner werden Software-Werkzeuge
dann wichtig, wenn es darum geht, Kleine, durch Bewegun-
gen verursachte Fehlregistrierungen in den PET/CT Daten zu
korrigieren und auch im Rahmen von Untersuchungen zur
Verlaufskontrolle unter Einbezug von CT, PET und PET/CT.
Flexible Algorithmen, die Ansiitze der nicht-linearen Inter-
polation bericksichtigen und auf schnellen Computersyste-
men implementiert werden kénnen, werden daher auch
weiterhin zur erfolgreichen Bildregistrierung und Bildfusion
besonders fir die linische Anwendung beitragen.

he desire to combine complement-

I ary tomographic images arose at the
very time when these images be-

came available for medical applications.
Perhaps the first to demonstrate the useful-
ness of having both, functional and morpho-
logical images available for side-by-side
viewing were David Kuhl and colleagues in
1966 (1). One advantage of “anato-meta-
bolic” image fusion (2) is to complement
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lower-resolution nuclear medicine images
(PET or SPECT) with higher-resolution
morphologic imaging (MRI or CT). Image
registration and fusion were driven pri-
marily by the field of neurology, to accu-
rately localize activated cerebral areas dur-
ing functional activation studies (3, 4).
Thus, the first retrospective image regis-
tration algorithms in medicine were devel-
oped for research and clinical application in
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the brain (5-7). Figure 1 shows a typical
example of brain image registration.

In the following we will rehearse the
challenges of image registration, in particu-
lar for extra-cerebral studies, and discuss
survival strategies for software registration
in the presence of combined imaging de-
vices, such as PET/CT (8). In any case,
retrospective image registration will be ac-
cepted in clinical practice only if it is based
on robust, accurate and validated algo-
rithms.

Quest and solutions for image
registration in brain studies

Robustness and accuracy of software-based
registration have been demonstrated for
brain applications, whereby the brain can be
considered a rigid organ (unlike extra-cer-
ebral parts of the body). Figure 1 illustrates
an example of PET-MRI image registration
of the brain, which reflects a diagnostic
strategy called “MRI-guided PET” (W.D.
Heiss, 1990) (5). MRI-guided PET was pur-
sued by the end of the 1980’ in an attempt to
support low-resolution PET and SPET brain
images with anatomical background in-
formation. Of course, after defining a clini-
cal motivation for retrospective image
fusion, technical and methodological prob-
lems had to be solved.

By treating the brain (and head) as a rigid
body, six degrees of freedom exist (3 for
translation and 3 for rotation) to transform
an image volume made up of stacks of
2D-images into the coordinate system of the
other modality ((9-11) for further details
and definitions). Linear, rigid image regis-
tration assumes that by definition there are
no deviations from a rigid body behavior, i.
e. allnon-rigid effects are neglected. A more
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Fig. 1T Example of multimodality image registration and
fusion (MRI, top; PET bottom) pre-surgical evaluation of a
brain tumour. (Courtesy of A. Thiel and K. Herholz, Neur-
ological Clinic, University of Cologne and Max-Planck Insti-
tute of Neurological Research, Cologne, Germany).

general approach termed affine trans-
formation also includes 3 parameters for
scaling and 3 parameters for shears, thus, re-
sulting in 12 degrees of freedom. Affine
transformations may also account for slight
differences in spatial calibration across
scanners (e. g. pixel size and edge effects).
There are a variety of applications for rigid-
body image registration in brain studies,
such as follow-up examinations of the same
patient after therapy (12), or cognitive neur-
oscience studies of the network of activated
brain regions in response to specific physi-
cal or mental tasks (13). Additional appli-
cations of brain image registration included
image-guided biopsies and optimized surgi-
cal interventions. Table 1 provides an over-
view of transformation schemes frequently
associated with specific clinical tasks invol-
ving the use of PET, CT or PET/CT.

In general, however, image registration
in brain studies remained a research and was
used selectively rather than for clinical rou-
tine. Furthermore, even in brain research the
initial assumption of rigid body trans-
formations is not always valid, as demon-
strated by developments of software pack-
ages like SPM (Statistical Parametric Map-
ping) (14, 15). For the sake of providing a
standard reference brain, which is obtained
from averaging multiple brain studies or
from a brain atlas (16), the algorithm had to
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. . . . Tab. 1
type  modality transformation typical application Categories of image
brain whole-body transformations associ-
TP — — ated with selected dlinical
1 PH rigid/affine  non-rigid follow-up studies with FDG-PET tasks involving the use of
rigid/offine  non-rigid dual-racer studies with 14l and FDG PET, CT and PET/CT.
rigid/affine  non-rigid follow-up studies with different tracers
2 rigid/affine  non-rigid perfusion studies, liver studies with
multiphasic contrast agents (assuming
involuntary patient motion in between
frames)
non-rigid follow-up studies after radiofrequency
ablation
3 PELCT rigid/affine  non-rigid complementary diagnosis
non-rigid non-rigid dual-modality follow-up
non-rigid non-rigid dual-modality radiation therapy plan-
ning
4 PET/TT rigid/affine  non-rigid correction of mofion-induced artefacts
non-rigid non-rigid follow-up studies

be extended to non-rigid transformations to
account for deviations between the individ-
ual brains and the reference brain. Never-
theless, deviations from the rigid brain
model are by far easier to account for than
corresponding deviations in extra-cranial
studies, which can be generated by respir-
ation and cardiac motion.

In summary, for brain imaging reliable
retrospective image registration algorithms
exist that are based on rigid (or non-rigid),
frequently fully-automated, registration al-
gorithms (17, 18), that are available either as
research or commercial packages. However,
despite the clinical success of brain regis-
tration in selected areas, the definition of
quality standards and validation procedures
of retrospective software registration re-
mains an open issue.

Failure of software based regis-
tration in extra-cranial studies

Software algorithms that were developed
for brain applications cannot be transform-
ed simply to extra-cranial applications. The
major algorithmic challenge is that in
contrast to the brain, all relevant extra-cran-
ial parts of the body cannot be considered a
rigid body.

Typically, complementary images differ
as they are acquired either during different
respiratory phases, or during several respir-
atory cycles, as depicted in Figure 2. Addi-
tional challenges arise when the examin-
ations are not performed on the same day
and when patients have to be transported to
a remote site for further imaging.

With these limitations in mind, indepen-
dently-acquired image volumes can be sub-
mitted to an image analysis chain including
reformatting, transformation and inter-
polation, but they cannot be regarded to rep-
resent image information from rigid bodies
anymore. Initially, software developers ap-
plied rigid-body transformations to only a
limited range of continuous 2D-images
(19). Anatomical and external landmarks
have been used to guide the registration pro-
cess (2). However, despite these, sometimes
time-consuming attempts, there has not
been any clinically-acceptable solution to
retrospective software registration that is



applicable to whole-body images and ad-
dresses all the requirements mentioned
above.

PET/CT — a powerful solution
to the extra-cerebral image
registration?

There are two arguments, why a combined
imaging device like PET/CT bears a signifi-
cant advantage for routine image regis-
tration. By positioning the patient on a
single, common table platform in front of
the combined tomograph, misalignment
from repositioning the patient can be ex-
cluded for the entire whole-body imaging
range. This also eliminates the challenge of
different patient positioning on different to-
mographs that retrospective algorithms
faces due to differences in the curvature of
the table pallets. While the assumption of a
rigid body transformation is still not true for
whole-body PET/CT tomography, the prob-
lem of non-linearity is confined intrinsically
to limited axial ranges, such as the heart or
the liver.

The advent of PET/CT developments
came about with the recognition of the diag-
nostic potential from co-registered anatomi-
cal and functional images, as they were pro-
vided by initial software-based attempts.
However, it was also the failure of the very
algorithms in extra-cerebral studies that
prompted physicists to design and construct
a hardware-based solution to multi-moda-
lity imaging to overcome most of the limi-
tations inherent to software-based image
fusion.

With the advent of combined image reg-
istration through PET/CT, one might be
tempted to argue, that software-based sol-
utions are obsolete now. Indeed, PET/CT is
not challenged by obstacles that are inherent
to software-based image registration. For
example, PET and CT images are acquired
with the patient being positioned on a single
patient support for the duration of the entire
exam. Following both scans, the PET im-
ages are being corrected for attenuation
using the available CT transmission images,
and both images are ready to be viewed on a
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Fig. 2 CT-images acquired during different phases of the respiratory cycle (left: inhalation; right: exhalation). Obviously,
differences in the anatomy are not confined to shifts in the axial image planes but also extent into neighbouring image planes.

single display shortly after the completion
of the combined exam. Hence, PET/CT can
be regarded as a single, fully-integrated im-
aging device.

The basic assumption for PET/CT, how-
ever, is that no relative movement of the pa-
tient occurs in between or during the two
exam portions. Usually, the CT is performed
first with the patient breathing quietly or
during breath-hold in normal expiration,
followed by the PET examination with the
patient breathing quietly. Both parts of the
examination involve different timeframes,
with CT images being acquired in less than
a minute, while average PET acquisition
time is about in 3-4 min, or more per bed
position, of which several are scanned to
cover the axial imaging range. A typical pit-
fall for PET/CT is illustrated in Figure 3
where PET and CT are locally misaligned
because of involuntary head motion arising
from muscle relaxation in the neck between
the two exams. Similar examples will serve

Fig. 3

An example of a local,
motion-induced mismatch
between CT and PET data
from combined a PET/CT
scanner. Mis-registrations
like the one displayed are
seen frequently in PET/CT
when the time delay in
covering corresponding
anatomical areas with CT
and PET (in opposite scan
directions) is 30 min or
more.

as arguments against PET/CT for as long as
the two complementary scans are not ac-
quired simultaneously. There are, of course,
other sources of motion-induced local mis-
registration, such as respiration and cardiac
motion, which can be addressed in part by
prospective measures as discussed by
Schéfers and Nekolla in this supplement.

Is software-based image
registrafion still needed?

Despite local mis-registration that may arise
from involuntary patient motion, combined
PET/CT represent the best intrinsic co-reg-
istration of multi-modality images available
for clinical use today. This, and other poten-
tial hardware combinations, can also be re-
garded as the best starting point for software
registration as an integrated option to multi-
modality hardware-based imaging.
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Fig. 4  Local motion-induced PET-CT misalignment in PET/CT studies may lead to a biased tracer distribution following CT-
based attenuation correction.

a) fusion of the misaligned PET and CT images;

b) asymmetric FDG metabolism in the brain on PET image after attenuation correction based on the original CT

¢) symmetric FDG metabolism on PET image prior to attenuation correction

d) PET image following CT-based attenuation correction with realigned CT images.

Retrospective image registration — aimed at aligning the head — result in distant misalignment and artifacts (arrows) in the
thorax and pelvis (f) compared to the original whole-body PET (e).

Fig. 5 Example strategy to warp a CT image acquired during a particular respiration phase (inhalation, top left) resulting
in an image (top right), which is similar to the image from the exhalation phase (bottom left). The resulting transformation
(middle; top), which is based on the landmarks shown in both image at the left side, deviates from the regular grid (middle;
bottom). The selection of landmarks requires great care in order to avoid unstable solutions (bottom right).
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One such add-on functionality could be a
software utility, which corrects for motion-
induced displacements of PET/CT data,
such as in the example given in Figure 3.
Some tools that are available today have
rigid and non-rigid transformations avail-
able (see for example: MiraView from Mi-
rada Solutions and Siemens Molecular Im-
aging) and (18). None of these commercial
algorithms, however, is able to solve the
general problem of image co-registration
for image volumes covering more extensive
parts of the body, or the entire whole-body
imaging range. This is exemplified in Figure
4. Correcting for local motion-induced mis-
alignment must start with the retrospective
co-registration of the CT images to the un-
corrected emission data (assuming no sig-
nificant misalignment has occurred during
the emission scan) before employing the co-
registered CT in CT-based attenuation cor-
rection. However, using linear registration
image artifacts in distant areas of axially ex-
tended image volumes may be expected
(20).

Clinically acceptable solutions to image
co-registration, however, require that no ad-
ditional work-load is imposed onto the staff.
Therefore, motion-correction schemes
driven by manual landmark selection (Fig-
ure 5) appear inappropriate for future rou-
tine applications. The example in Figure 5
also demonstrates the challenges of finding
a stable solution to the non-rigid registration
task. Thus, focusing on a limited axial
range, or the local area of misalignment,
may perhaps be a pre-requisite for future de-
velopments of software-based correction
schemes of PET/CT data.

An open question today, particularly for
non-rigid image registration, is the need for
a standard reference and quality measures,
which can be used to control, validate and
evaluate these software-based solutions. In
other words, new technologies should be ro-
bust, accurate and validated and be operated
without the need of user interaction. It is this
constraint, which makes software-based
image registration alone a challenging task.
Although Kim and colleagues have con-
cluded in a recent study that “software
fusion currently cannot be considered to
represent a valid alternative to in-line PET/
CT” (21), we see new avenues for improved



and validated software registration tools
that may contribute to make PET/CT a
quality procedure in clinical routine with
new applications exceeding that of simple
one-time imaging.

Conclusion

PET/CT provides an advanced and im-
proved starting point for software devel-
opers. Nevertheless, essential tools are still
needed in the presence of PET/CT, such as
tools to align multiple studies for therapy
follow-up assessment and for correcting re-
sidual motion-induced mis-registration. For
extra-cranial imaging, PET/CT today is
definitely the best approach that can provide
accurately aligned images. However, des-
pite the unprecedented success of PET/CT
hardware fusion software solutions are not
obsolete yet.
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